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Abstract. The microbial production of biofuels and other added-value chemicals is often limited by the intrinsic 23 toxicity of these compounds. Phasin PhaP from the soil bacterium Azotobacter sp. strain FA8 is a 24 polyhydroxyalkanoate granule-associated protein that protects recombinant Escherichia coli against several kinds 25 of stress. PhaP enhances growth and poly(3-hydroxybutyrate) synthesis in polymer-producing recombinant strains 26 and reduces the formation of inclusion bodies during overproduction of heterologous proteins. In this work, the 27 heterologous expression of this phasin in E. coli was used as a strategy to increase tolerance to several 28 biotechnologically relevant chemicals. PhaP was observed to enhance bacterial fitness in the presence of biofuels, 29 such as ethanol and butanol, and to other chemicals, such as 1,3-propanediol. The effect of PhaP was also studied 30 in a groELS mutant strain, in which both GroELS and PhaP were observed to exert a beneficial effect that varied 31 depending on the chemical tested. Lastly, the potential of PhaP and GroEL to enhance the accumulation of ethanol 32 or 1,3-propanediol was analyzed in recombinant E. coli. Strains that overexpressed either groEL or phaP had 33 increased growth, reflected in a higher final biomass and product titer compared to the control strain. Taken 34 together, these results add a novel application to the already multifaceted phasin protein group, suggesting that 35 expression of these proteins or other chaperones can be used to improve biofuels and chemicals production. Fossil oil, or petroleum, has been utilized by humankind for many centuries, but since the mid-XVIII century the 47 number and variety of applications for this product have sharply increased, so that nowadays derivatives of this 48 non-renewable substrate are present in almost every aspect of modern life (1). We use petroleum derivatives as our 49 main source of energy, but also as a starting point for the synthesis of many different chemical precursors that are 50 in turn converted to a large variety of materials (2). In recent times, dwindling petroleum availability and an 51 increasing concern about the environmental impact of petroleum consumption has prompted the development of 52 environmentally friendly and sustainable alternatives (3), such as the use of microorganisms to obtain biofuels and 53 other chemicals from renewable carbon sources (4-7). Analogous to the term oil refinery, that refers to the 54 obtainment of a variety of products from oil, the term biorefinery comprises the use of biomass to obtain different 55 products, normally by means of a biological process (8, 9).
57
Among the different products that can be obtained in this way are biofuels such as ethanol and butanol, and 58 chemicals such as 1,3-propanediol (1,3-PDO). Many bacteria and yeast can synthesize ethanol, the best known 59 and most widely used biofuel (10-14). Butanol, that has several advantages over ethanol as a biofuel due to its 60 lower vapor pressure and hydrophilicity, can be produced by several bacterial groups from a variety of feedstocks 61 (15-18). 1,3-PDO is used in industry for the synthesis of polymers. This diol is currently synthesized from 62 petroleum-derived chemicals such as ethylene oxide or acrolein, but it can also be obtained by the fermentation of 63 glycerol or glucose using microorganisms (19-23). 4 biochemicals. Many approaches can be used to improve tolerance in producing strains, among them, the 73 expression of genes that reduce the stress produced by high concentrations of this kind of chemicals (31-33).
75
Solvents, such as butanol, isobutanol, and ethanol have been shown to induce a stress response in Escherichia coli 76 analogous to the heat shock response, as the expression of genes that encode heat shock proteins (HSPs) and 77 chaperones are upregulated in the presence of these compounds (33-38). Additionally, studies performed in of the genes encoding the GroESL chaperone system with its natural promoter in E. coli increased tolerance to 84 several toxic alcohols such as ethanol, n-butanol, isobutanol, and 1,2,4-butanetriol (41). Building on these 85 observations, several combinations of the HSPs GroE, GroESL, and ClpB were used to engineer an E. coli strain 86 capable of tolerating high levels of these toxic solvents (29). Overexpression of chaperones from other organisms, 87 such as groELS from C. acetobutylicum, also resulted in increased tolerance of E. coli to several stressors, such as 88 butanol, isobutanol, and ethanol (42). Thus, co-expression of chaperone systems together with homologous or 89 heterologous pathways leading to the production of biofuels and chemicals seems to be a promising strategy to 90 improve strain tolerance towards these added-value bioproducts (30). This approach has been tested some years 91 ago in the well-known butanol producer C. acetobutylicum, in which overproduction of GroELS resulted in enhanced 92 tolerance to butanol and in a 40% increase in butanol titers (43).
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(a small HSP) and dnaK (a chaperone) compared to a strain that does not synthesize the phasin. This protein also 102 has a protective effect against stress in cells that do not accumulate poly(3-hydroxybutyrate) (44), and was 103 observed to exert a beneficial effect in E. coli cells producing heterologous proteins, playing an active role in protein 104 folding and/or unfolding prevention, that reduced the number and size of inclusion bodies (45).
106
The increased resistance to toxic chemicals reported in strains that overexpress different chaperone systems,
107
together with the stress-alleviating effect observed in strains that overproduce PhaP, suggested that this protein 108 could increase solvent tolerance in E. coli. To elucidate this possibility, ethanol, butanol, and 1,3-PDO tolerance 109 was assessed in E. coli strains expressing phaP. Additionally, the effect of PhaP and of the known chaperone
110
GroEL on growth, tolerance, and product titers was studied in ethanol-and 1,3-PDO-producing E. coli. These 111 studies pave the road for new strategies to obtain improved strains for the production of biofuels and added-value 112 chemicals, and expand the landscape of possible applications for the multifaceted phasins. 
Results

116
Overexpression of phaP in E. coli results in high tolerance to ethanol, butanol, and 1,3-PDO. Since 117 chaperone expression has been reported to enhance solvent tolerance, and considering that PhaP has chaperone-118 like properties, we analyzed the effect of this phasin on solvent tolerance in E. coli strains. For this purpose, strain 119 ADA100 (Table 1) was transformed with plasmid pADP (expressing phaP from Azotobacter sp. strain FA8 under 120 control of the lac promoter), or with plasmid pBBR1MCS-1 (control strain). Both strains were challenged with the 121 stressors ethanol, butanol, or 1,3-PDO in sub-inhibitory concentrations, that were added to the culture medium after 122 the first hour of incubation as indicated in Materials and Methods. Growth in the presence of these solvents was 123 determined by monitoring the optical density measured at 600 nm (OD600) during 24 h. When grown without 124 solvents, no significant differences in the maximum specific growth rate (μmax) (1.04 ± 0.06 h -1 vs 0.97 ± 0.01 h -1 ) 125 and OD600 at 24 h were observed between the phaP expressing strain and the control strain (Fig. 1A) .
127
When grown in the presence of 5% (vol/vol) ethanol, the PhaP producing strain showed increased growth 128 compared to the control strain (Fig. 1B) , as it displayed a 1.3-times higher μmax than the control strain and a 30% 129 increase in the biomass attained after 24 h ( Table 2 ). The percentage of tolerance (Eq. 1) relative to the 6 unchallenged culture was estimated at different sampling times to further quantify the solvent resistance of the 131 strains under study. The percentage of ethanol tolerance in the PhaP producing strain was higher (1.4 times) 132 compared to the control, both after 6 h and 24 h of exposure. Also, when the percentage of growth inhibition (Eq. 2) 133 was calculated for both strains, the strain expressing phaP was less inhibited in the presence of the alcohol than the 134 control strain, indicating that PhaP exerts a protective effect against ethanol (Table 2) .
136
Butanol tolerance of both strains was also determined. Cultures were grown in the presence of 0.5% (vol/vol) 137 butanol and growth was monitored by measuring OD600 during 24 h. A significant difference (P-value = 0.0072) 138 between μmax of both strains was observed, as the PhaP-producing strain displayed faster growth in the presence 139 of this solvent, which resulted in a higher fitness compared to the control strain (Fig. 1C) . Also, the phaP expressing 140 strain presented a higher tolerance to the solvent at late exponential phase (6-h cultures) and a 40% increase in 141 biomass concentration. However, no differences in tolerance were observed at 24 h, indicating that the protective 142 effect of PhaP against this solvent occurs during the first stages of growth and until late exponential phase (Table   143 2). (Fig. 1D) . Addition of 1,3-PDO at 8% (vol/vol) was observed to reduce growth in the control strain, while a 148 lower percentage of inhibition was observed for the PhaP-producing strain, that exhibited a higher μmax and a 40% 149 increase in biomass after 6 h when compared to the control strain in the presence of the chemical (Table 2) Fig. 2A) .
174
The next step was to test if GroELS and PhaP could also increase solvent tolerance in the groEL mutant strain and,
175
for this purpose, the different strains were challenged with the solvents and chemicals tested in the previous 176 section. In the presence of 5% (vol/vol) ethanol, both PhaP and GroELS were able to increase tolerance, resulting 177 in higher OD600 values at 24 h in the presence of this alcohol (Fig. 2B) . Furthermore, the increase in ethanol 178 tolerance observed in the presence of PhaP was slightly higher than in the groELS expressing strain at 6 h (1.3-vs 179 1.1-times when compared to the control strain), but at 24 h no significant differences were observed in tolerance to 180 this alcohol between both strains (Table 3) .
182
On the other hand, when 0.5% (vol/vol) butanol was added to the cultures, no significant differences were observed 183 in the μmax of the strains (Table 3 ), but cells expressing phaP or groELS showed a 70% and a 50% increase in 184 biomass at 24 h, respectively, indicating that these strains presented a higher tolerance to this chemical as 185 compared to the control strain (Fig. 2C) . Lastly, when 1,3-PDO was added to the cultures, both the phaP and 186 groELS expressing strains showed higher tolerance to the chemical than the control strain after 24 h, even when no 8 significant differences in μmax were observed in these experiments (Table 3) . The positive effect on 1,3-PDO 188 tolerance was slightly more pronounced in the GroELS producing strain (Fig. 2D ). previous section, the effects of the expression of this phasin were analyzed in an ethanol-producing E. coli strain.
PhaP enhances ethanol accumulation in E. coli. Chaperones have been observed to increase tolerance to
196
Strain ADA100 was transformed with plasmid pETLm (10) that allows for the overexpression of adhE from showing that both proteins have a very dramatic effect on the synthesis of this bioproduct (Table 4) . Although PhaP is a polyhydroxyalkanoate granule-associated protein, previous work performed in our laboratory 253 showed that it has a general protective effect in E. coli that was not only associated to polymer metabolism, as 
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In C. butyricum, GroELS overproduction was shown to result in an increase in growth and butanol accumulation 305 (43). This same phenomenon was observed in ethanologenic E. coli strains with GroELS in this work, but also in 306 strains with PhaP, indicating that both proteins were able to help cells coping with solvent-induced damage.
307
Additionally, the increase in ethanol accumulation obtained with both strains (70%) was even higher than the 308 increase observed in Clostridium, in which groELS overexpression resulted in a 40% increase in butanol titers (43).
310
The results obtained in the ethanol-producing strain raised the possibility that PhaP and GroELS could also 
Materials and methods
344
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids are listed in Table 1 . E.
345
coli strains were grown in LB medium at 37°C. For plasmid maintenance, 50 μg/mL kanamycin, 20 μg/mL 346 chloramphenicol, or 100 μg/mL ampicillin were added when needed. 1) (62). This parameter was calculated using the measured growth parameters (OD600) after 6 and 24 h.
384
In addition, the percentage of inhibition (I) and the relative fitness coefficient (s) were calculated using Eqs. (2) and 385 (3) respectively (63) . These parameters were calculated using the measured maximum specific growth rate (μmax) 386 of each strain, which was determined during early exponential growth according to Eq. (4). Ethanol production. Ethanol production experiments were performed using strain ADA100 transformed with 397 plasmid pETLm and pADP. The same strain, transformed with pETLm and vector pBBR1MCS-1, was used as a 398 control. Pre-cultures were started from a single colony dispersed in 5 mL of LB medium supplemented with the 399 appropriate antibiotics and incubated at 37°C in a rotatory shaker at 150 rpm for 18 h (microaerobic conditions).
17
Cultures were prepared in 15-mL Falcon tubes containing 10 mL of LB medium supplemented with 10 g/L glucose,
401
20 μg/mL chloramphenicol, and 100 μg/mL ampicillin, and inoculated at an initial OD600 = 0.1. Cultures were 402 incubated at 37°C and shaken at 150 rpm. The OD600 and ethanol production of these test cultures was then 403 monitored over a period of 24 h. Ethanol concentration was determined by gas chromatography (GC) as detailed 404 below. hoc Tukey honestly significant difference test, defining a P-value < 0.05 as significant. 
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